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ABSTRACT

A high-speed optical modulator based on Surface PlasmonPolariton (SPP) at the hetero-junction of a metal-insulatorsemiconductor (MIS) tunneling diode and including a phasematching optical element, such as a prism or gold-lattice
structure, is described. An investigation using the coupled
mode theory shows that the applied bias across the heterojunction changes the optical reflectance of an optically
coupled MIS tunneling diode, such as a prism-coupled MIS
tunneling diode or a gold lattice-coupled MIS tunneling
diode, while the modulation efficiency achievable of the
device depends on the thickness of the metal film used to
construct the tunneling diode.
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SURFACE PLASMON OPTICAL
MODULATOR

applied. This approach also uses an applied bias to change the
refractive index, which results in changing the resonant frequency or resonant angle 8.
Still another implementation of the "Refractive Index
Approach," is the approach which includes improving the
modulation efficiency by selecting materials of a large electro-optic constant. However, this approach limits the modulation speed as a large electro-optic effect is generally obtainable only in slower reacting materials, such as liquid crystals.
Still another implementation of the "Refractive Index
Approach," is discussed in U.S. Pat. No. 6,611 ,367. The principle in this approach includes the use of exotic materials that
may not be able to be integrated with silicon based fabrication
processes.
A second category of surface plasmon optical modulation
is the "Optical Absorption Approach," where a semiconductor quantum well is formed immediately adjacent to a metal
film, light is coupled to the surface plasmon polariton mode
and then the absorption of the quantum well is altered by the
quantum confined optical absorption region by a quantum
Stark shift of the semiconductor.
An implementation of such as an approach is taken in U.S.
Pat. No. 4,915,482. The principle in this approach includes
the electromagnetic field being absorbed by a semiconductor
quantum well and the surface plasmon provides a way to
focus the light. This method works for the wavelength corresponding to the band edge of the semiconductor materials
being used.
A third category of surface plasmon optical modulation is
the "Surface Plasmon Amplification" method where light and
tunneling electron coupling is mediated by surface plasmon
polaritons. The amplification of surface plasmon in the gain
region alters the optical intensity.
Implementations of such an approach are described in U.S.
Pat. Nos. 7,010,183 and 7,177,515. This approach uses the
tunneling junctions to modulate surface plasmons and gratings or prisms to couple between light and surface plasmons.
An implementation of this approach requires that the surface
plasmons cause tunneling electrons such that additional surface plasmons are produced in a gain region (amplified) by
stimulated emission and that the surface plasmons so produced are then directed into the tunneling junction of the
diode (wave guiding). This requires a certain waveguide
mechanism for surface plasmons to transport from an optical
receiving structure to an optical sending structure, thus allowing for a high loss of such surface plasmons propagation.
The prior art approaches for producing surface plasmon
optical modulation all possess limitations as discussed above.
Therefore, there is a need for a surface plasmon optical modulation design at the nanometer scale that can be fabricated on
semiconductor devices using fabrication techniques and
equipment readily available in today's nano-fabrication
facilities.
The present invention provides such a surface plasmon
optical modulation design which is intended to reduce or
eliminate the limitations of the foregoing prior art approaches
in highly advantageous ways and which provides still further
advantages. The present invention improves modulation efficiency (or increases modulation speed) of optical modulators,
and does not require that the light wavelength correspond to
the band edge of the semiconductor materials used nor does
the present invention require amplification of the surface
plasmons of the MIS tunneling diode junction. Furthermore,
the present invention does not require wave-guiding to transport surface plasmons from an optical receiving structure to
an optical sending structure.

This application claims priority of U.S. provisional patent
application Ser. No. 611109,066, filed on Oct. 28, 2008,
entitled "Surface plasmon optical modulator," which is incorporated herein by reference.
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BACKGROUND OF THE INVENTION
10

I. Field of the Invention
The present invention relates to optical intensity modulation and in particular to the use ofSurface Plasmon-Polaritons
15
(SPPs) in an optical modulator system.
Optical intensity modulators are an important element for
integrated optoelectronics. Surface Plasmon-Polaritons
(SPPs) are attractive candidates for this use due to their potential to produce high-speed compact devices. SPPs are surface
electromagnetic waves that are trapped at the metal-dielectric 20
interface due to their interaction with valence electrons of the
conductor. Recent demonstrations of light guiding on closely
spaced metal nano-particles have created interest for nanophotonic devices that will merge photonic and electronic
functionalities at nano-scale dimensions. Optical modulators 25
by means of SPPs have been demonstrated by modifying the
refractive index of the dielectric medium. However, the fact
that electro-optic effects tend to be weak in semiconductors
while large electro-optic effects are obtainable only in slower
materials, such as liquid crystals, hinders the modulation 30
speed of such proposed devices. The present invention however, improves modulation efficiency (or increases modulation speed) of an optical modulator utilizing Surface Plusmon-Polaritons (SPPs).
35
Approaches to surface plasmon optical modulation fall
into three categories. One category is the "Refractive Index
Approach," whereby a high electro-optic dielectric layer is
sandwiched between two metal films and wherein modification of the refractive index of the dielectric material results in 40
changes in reflectivity and thus modulates the incident beam.
One implementation of the "Refractive Index Approach,"
is discussed in the several U.S. Pat. Nos. 4,432,614, 5,067,
788, 5,570,139, 6,034,809 and 6,611,367. This approach
relies on the surface plasmon resonant angle 8 for a single 45
incident wavelength being a function of dielectric constant
Ed' According to this approach, a small 0.1% change of
refractive index can result in a change in resonant frequency
over 10%.
For a single incident wavelength, the optical reflectivity 50
reaches the minimum at resonant angle 8 and increases as an
approximate Lorentz function with the angle 8. For a single
incident wavelength at a fixed incident angle, a change of
dielectric constant Ed through the applied bias changes the
optical reflectance and thus modulates the optical intensity. 55
This approach uses capacitance as a means to modulate the
optical intensity.
Another approach includes the use of a prism whereby the
prism performs the function of phase matching so that surface
plasmons can be excited by the incident light, as discussed in 60
U.S. Pat. Nos. 4,432,614, 5,570,139 and 6,611,367. Other
variations include using gratings and waveguides (as discussed in U.S. Pat. Nos. 5,067,788 and 6,034,809). An
applied voltage across a relatively thick dielectric material
(e.g., liquid crystal) changes its dielectric constant Ed and 65
leads to light modulation. The thick dielectric material
requires a high dielectric constant Ed for this principle to be
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2. Related Art
FIG. 4 is a spectral analysis graph of the reflectance of an
The following u.S . patents are listed as related art to the
Au-Zr02 -ITO MIS tunneling diode for different applied
present invention:
biases and an Au layer of35 nm.
U.S. Pat. No. 4,432,614, filed Dec. 12, 1982, issued Feb.
FIG.S is a performance analysis graph of the efficiency and
21 , 1984;
5 insertion loss for the MIS tunneling diode under 5V maximal
U.S. Pat. No. 4,915,482, filed Oct. 27,1988, issued Apr.,
forward bias as a function of Au layer thickness.
10,1990;
FIG. 6 is an illustration of a phase-match optical element
U .S . Pat. No. 5,067,788, filed Mar. 21,1990, issued Nov.
comprising a periodic Au disk with a lattice constant of IIJ.1Il
26,1991;
and spectral response measured by Fourier transform infrared
U.S. Pat. No. 5,570,139, filed May 13, 1994, issued Oct.
10 (FTIR) spectroscopy.
29,1996;
U.S. Pat. No. 6,034,809, filed Mar. 26,1998, issued Mar. 7,
DETAILED DESCRIPTION OF THE INVENTION
2000;
U.S. Pat. No. 6,611,367, filed Feb. 7, 2000, issued Aug. 26,
The following description is presented to enable one of
2003;
U .S. Pat. No. 7,010,183, filed Mar. 20,2002, issued Mar. 7, 15 ordinary skill in the art to make and use the invention. Referring to the figures, there is shown at least one, but not the only,
2006; and
embodiment of the invented surface plasmon optical moduU.S. Pat. No. 7,177,515, filed May 6, 2002, issued Feb. 13,
lator. The present invention relates to optical intensity modu2007.
lation and in particular to the use of Surface Plasmon-Polari20 tons (SPPs) in an optical modulator system.
SUMMARY OF THE INVENTION
An exemplary implementation of the embodiment illustrated in FIG. 1 represents a surface plasmon optical moduAccordingly, an aspect of the present invention is a highlator 100 comprising an MIS tunneling diode modulator 122
speed optical modulator based on Surface Plasmon-Polariton
utilizing a metal-insulator-semiconductor arrangement and
(SPP) at the hetero-junction of a metal-insulator-semiconductor (MIS) tunneling diode and a phase-matching optical 25 specifically, a 4 nm zirconium oxide (Zr02 ) barrier sandwiched between gold (Au) and indium tin oxide (ITO) layers.
element. The intensity modulation in the SPP due to applied
Fabrication of surface plasmon optical modulator 100, would
bias on a metal-insulator-semiconductor (MIS) tunneling
be carried out in a semiconductor fabrication lab using fabridiode is analyzed by the method of coupling modes in time
cation techniques known to one of ordinary skill in the art and
and shows that manipulating the photon-excited electron tunneling leads to a change in surface plasmon resonance. The 30 is thus not discussed.
Referring now to FIG. 1, surface plasmon optical modulaelectron tunneling in the MIS diode reduces the magnitude of
tor 100 comprises phase-matching optical element 110, such
surface plasmon back-scattered field, which destructively
as a prism, periodic structured surfaces, or photonic crystals.
interferes with the reflection at an optical element-metal interThough other optical elements may be used other than a
face, such as a prism-gold (Au) interface or a gold lattice-gold
(Au) interface.
35 prism, the present invention is described in reference to a
prism to serve as one example. A matching fluid 112 resides
In another aspect of the present invention, the thickness of
between prism 110 and an MIS tunneling diode 122, thus
the Au layer is shown to have a strong influence in the moduproviding a coupling therebetween. The MIS tunneling diode
lation depth of the surface plasmon. To increase the electron
122 is fabricated on silica 112 and utilizes a barrier layer 118,
tunneling probability, one can devise a resonant tunneling
structure or phase-matching optical structure to function as a 40 such as zirconium oxide (zr02 ) of approximately 4 nm in
thickness, which is sandwiched between a metal layer 116,
barrier to improve the modulation depth of the device, parsuch as gold (Au) and a semiconducting transparent electrode
ticularly for longer wavelength applications. As mentioned
120, such as indium tin oxide (ITO). An external bias voltage
above, the coupling of optical waves to a MIS tunneling diode
124 is applied to tunneling diode 122 by connection to Au
can be achieved by means other than a prism, such as utilizing
a periodically modified metal film, such as a gold lattice 45 layer 116 and ITO layer 120 in order to manipulate the optical
reflectance of the prism coupled MIS tunneling diode 122. A
structure.
preferred embodiment utilizes a barrier layer 118 of zircoBRIEF DESCRIPTION OF THE DRAWINGS
nium oxide (Zr0 2 ) of approximately 4 nm in thickness, a
metal layer 116 of gold (AU) ofless than 50 nm in thickness
The present invention may be understood by reference to 50 (a thickness of approximately 30 nm-50 nm is preferred) and
the following detailed description taken in conjunction with
a tralll;parent electrode 120 of indium tin oxide (ITO).
the drawings briefly described hereinafter. The drawings
When applied, external bias voltage 124 drives photo-excited electrons through (Zr0 2 ) barrier 118 and alters the represent a preferred implementation of the present invention
and serve as an example to practice the invention and thus are
emission oflight from Surface Plasmon-Polaritons (SPPs) at
not intended to limit the present as will be understood by one 55 the metal-dielectric interface, thus the interface between Au
of ordinary skill in the art.
layer 116 and (zr0 2 ) barrier 118 and viewed as a lumped
FIG. 1 is an illustration of a metal-insulator-semiconductor
oscillator of energy amplitude aCt). This energy is supplied by
(MIS) tunneling diode modulator utilizing a 4 nm zirconium
the incident wave of amplitude S; with a rate of k. The
oxide (zr0 2 ) barrier sandwiched between gold (Au) and
reflected wave amplitude, Sd, is the result of the incident wave
indium tin oxide (ITO) layers.
60 and power coupled from SPPs. Additional energy coupling
FIG. 2 is a schema tical representation of the decay rate of
with SPPs is occurred through excited electron tunneling t 1 •
plasmon polariton energy by electron tunneling through a
The operation of the surface plasmon optical moduiatorlOO is
MIS hetero-junction of the tunneling diode.
further analyzed in the discussions of FIG. 2-5, hereinafter.
The present invention differs from the "Refractive Index
FIG. 3 is a spectral analysis graph of the reflectance of a
gold-zirconium dioxide-indium tin oxide (Au-Zr02 -ITO) 65 Approach" as discussed in the background as the present
MIS tunneling diode for different applied biases and an Au
invention utilizes electron tunneling to control the excited
electron density and can be considered as an external loss for
layer of 50 nm.

US 8,314,985 B2

5

6

surface plasmon excitation. The reflectivity changes with a
the back-scattered spp field. As forward bias increases, the
small change of resonant frequency. Electron tunneling also
intensity of the back-scattered field decreases due to electron
enables high speed modulation. The present invention
tunneling of the tunneling diode and is completely compenimproves modulation efficiency (or increases modulation
sated at IV.
speed) by engineering the metal-insulator-semiconductor 5
FIG. 5 is a performance analysis graph of the efficiency and
energy band structure to lower the barrier height and by
insertion loss for the MIS tunneling diode under 5V maximal
reducing the barrier width of the MIS tunneling diode juncforward bias as a function of Au layer thickness. Referring
tion while a change in the dielectric constant Ed of the MIS
now to FIG. 5, the graph shows that 100% modulation effitunneling diode junction insulator is not required. Furtherciency can be achieved for an Au thickness of 30-50 nm.
more, the present invention can be developed with conven- 10
However, for a film thicker than 50 nm, the efficiency detetional semiconductor micro-tabrication materials and equipriorates because the minimal output intensity cannot reach
ment and it further allows a monolithic integration with
zero.
micro-electronic devices.
FIG. 6 is an illustration of a phase-matching optical eleThe present invention also differs from the "Optical
Absorption Approach" as in the present invention, optical IS ment 600 that may be implemented in place of a prism or
diffraction gratings. The phase-match optical element 600
absorption is realized by electron tunneling mediated through
comprises a periodic Au disk 610 with a lattice constant of 1
surface plasmons by applying an external bias voltage across
IUD, such as to build a 1~ 1<>il structure. Phase-match optical
the MIS tunneling diode. The decrease of excited electron
element 600 allows an efficient coupling of incoming light
density, in tum, affects the optical field. There is no constraint
that requires that the wavelength needs to correspond to the 20 and surface plasmon. The sub-wavelength periodic structures
make a compact optic coupler that is more efficient than a
band edge of the semiconductor materials used. The present
invention controls the barrier height of the MIS tunneling
prism of diffraction gratings and the resulting modulator will
diode junction and the width of the materials used, namely the
integrate a periodic structure for small dimension modulators.
thickness of the metal (e.g., Au) layer of the MIS tunneling
A spectral response measured by Fourier Transform Infrared
diode junction.
25 (FTIR) spectroscopy shows a decrease in reflectivity at 1250
The present invention also differs from the "Surface Plascm- 1 and is associated with surface plasmon resonance.
monArnplification" as the present invention does not require
amplification of the surface plasmons of the MIS tunneling
WORKED EXAMPLE
diode junction. Furthermore, the present invention does not
require wave-guiding to transport surface plasmons from an 30
The following description section is presented to enable
optical receiving structure to an optical sending structure.
one to make and use the invention.
FIG. 2 is a schematical representation of the decay rate of
Referring to FIG. 1, the surface plasmon optical modulator
starts from a silica wafer 114 cleaned by common RCA
plasmon polariton energy by electron tunneling through MIS
tunneling diode's hetero-junction. Referring now to FIG. 2,
procedure. Overlying a major surface of the substrate is a
as a forward bias Va' defined as having a negative polarity, is 35 hetero-structure including subsequent deposition of Au,
applied to the Au layer, the barrier height cfIB and the elecZr02 , and ITO by one of many known techniques to form a
tron's effective mass m·, the schematical representation
metal-insulator-semiconductor tunneling diode. It should be
understood that tunneling diode could comprise a sandwich
shows the electrons tunneling through the barrier have a very
small probability ofre-emitting to the same wavelength as the
ofmany appropriate insulators wherein it can be used to affect
incident beam. For thin barrier thickness, electron scattering 40 the barrier characteristics described in the patent description.
is negligible.
Electrical contacts, from a low loss metal such as Al, Cu, Au,
FIG. 3 is a spectral analysis graph of the reflectance of an
or W, is formed over layer 116 and layer 120. Means such as
Au- Zr0 2 -ITO MIS tunneling diode for different applied
a battery 124 and switch are connected between layer 116 and
biases and an Au layer of approximately 50 nrn. Referring
120 for selectively establishing an electric field normal to the
now to FIG. 3, various curves represent the optical reflectance 45 planes oflayers 116, 118, 120 in MIS diode 122.
versus wavelength of incident light when varying the external
The device 122 is mounted to a semi-cylindrical prism 110
applied bias across the metal-insulator-semiconductor (MIS)
with index matching fluid 112. Alternatively, the aforemenhetero-junction ofthe tunneling diode where theAu layer 116
tioned modulator can be fabricated directly on the flat surface
(of FIG. 1) has a thickness of approximately 50 nrn. As shown
of a semi-cylindrical silica prism, in which case, the index
in the spectral analysis curves ofFlG. 3, the reflected optical 50 matching fluid shall be ignored. Substrate 114 can alternatively be modified with a periodic corrugation using many
power increases with an increasing external applied bias. For
example, at a resonant wavelength of 680 nrn, a high distincknown techniques to provide a grated surface, in which case,
the modulator can function without the use of a prism.
tion ratio can be achieved as the optical reflectance changes
from zero (with an applied bias ofOV) to more than 40010 at an
A monochromatic beam of light is incident to the optical
applied bias of 5V.
55 modulator at an angle 0 to the normal of the device major
FIG. 4 is a spectral analysis graph of the reflectance of an
surfaces. Light beam is selected, in accordance with the
Au-Zr02 -ITO MIS tunneling diode for different applied
present invention disclosure, such that it is coupled in the
biases and an Au layer of 35 nm. Referring now to FIG. 4,
surface plasmon polariton mode of the Au surface. This is
accomplished by phase matching incident light beam with a
various curves represent the optical reflectance versus wavelength of incident light when varying the external applied bias 60 surface plasmon polariton mode at the layer 116 by means of
across the metal-insulator-semiconductor (MIS) hetero juncprism 110 or grated surface.
tionofthe tunneling diode where the Au layer 116 CofFIG.l)
In operation, when barrier height of 118 is lowered by
has a thickness of approximately 35 mm. As shown in the
applied voltage 124, substantial absorption of surface plasspectral analysis curves of FIG. 4, the behavior of a device
mon polariton mode is achieved through plasmon tunneling.
having an Au layer less than 50 nm in thickness is reversed to 65 This absorption into the surface plasmon polariton mode
that of the behavior illustrated in FIG. 3. The optical reflecleads to a change of reflected optical intensity, in accordance
tance is nonzero under no external bias, a result mainly due to
with the patent description.
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Although this invention has been described above with
reference to particular means, materials and embodiments, it
is to be understood by that the invention is not limited to these
disclosed particulars, but extends instead to all equivalents
with the broad scope of the following claims.
What is claimed is:
1. An optical modulator comprising:
a phase-matching optically-coupled metal-insulator-semiconductor (MIS) tunneling diode having an external bias
ranging from a voltage greater than an absolute value of
OV to the absolute value of 5V;
said optically-coupled metal-insulator-semiconductor
(MIS) tunneling diode comprising a metal-insulatorsemiconductor structure where the metal is a metal layer
of 50 nm or less in thickness and a phase matching
optical element; and
said external bias is applied across said insulator such that
it affects optical reflectance of Surface Plasmon-Polaritons (SPPs) with said optical modulator;
wherein said metal-insulator-semiconductor structure
comprises a gold-zirconium dioxide-indium tin oxide

8

10

15

(Au-Zr02-ITO) structure, where said gold (Au) layer
is 50 nm or less in thickness and said zirconium oxide
(zr02 ) is approximately 4 nm in thickness.
2. An optical modulator comprising:
a phase-matching optically-coupled metal-insulator-semiconductor (MIS) tunneling diode having an external bias
ranging from a voltage greater than an absolute value of
OV to the absolute value of 5V;
said optically-coupled metal-insulator-semiconductor
(MIS) tunneling diode comprising a metal-insulatorsemiconductor structure where the metal is a metal layer
of 50 nm or less in thickness and a phase matching
optical element; and
said external bias is applied across said insulator such that
it affects optical reflectance of Surface Plasmon-Polaritons (SPPs) with said optical modulator; wherein said
optically-coupled metal-insulator-semiconductor (MIS)
tunneling diode is a gold lattice-coupled MIS tunneling
diode.
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